The crystal structures of the 3R polytypes of takovite and woodallite are presented. The structure of takovite was solved on a single crystal from the Agoudal mine, Bou Azzer district, Tazenakht, Morocco to R 1 = 1.87 % for 94 unique reflec- 
Introduction
Members of the hydrotalcite supergroup have the general formula A 6-x B 2+x (OH) 16 3+ and Ga 3+ ). Interlayer regions typically contain a monovalent or divalent anion X, such as CO 3 2-, SO 4 2-, Cl -, and OH -. Other anions or a combination of anions may compensate for the positive charge of the brucitelike layers. Water molecules and occasional cations may also be present within the interlayer (Drits et al. 1987; Bookin and Drits 1993) . There are more than 40 natural members of the group (Mills et al. 2012) , and an extensive list of synthetic analogues, termed "layered double hydroxides" (LDHs) or hydrotalcite-like compounds. Several books have also been dedicated to this topic (e.g., Duan and Evans 2006) . Layered double hydroxides are very important to industry, and have found uses as catalysts, drug delivery media, and sequestering agents for organic polymers and CO 2 (Duan and Evans 2006; Kameda et al. 2011) .
Woodallite, ideally Mg 6 Cr 2 (OH) 16 Cl 2 •4H 2 O, was described by Grguric et al. (2001) (Grguric et al. 2001) . Woodallite crystals are typically curved and intergrown and less than 10 μm in size, and thus are not suitable for single crystal investigation. Grguric et al. (2001) instead indexed the powder pattern in the space group R -3m with the unit cell a = 3.103(2), c = 24.111(24) Å, V = 201.14 Å 3 and Z = 3 / 8 . Takovite, Ni 6 Al 2 (OH) 16 CO 3 •4H 2 O, was originally described by Maksimović (1957) from Takovo, Serbia and reinvestigated by Bish and Brindley (1977) on samples from the type locality as well as from the Perseverance mine, Western Australia and Cap Garonne, France. Bish and Brindley (1977) reported the following rhombohedral unit cell parameters (no space group was noted) based on powder diffraction for Serbian takovite: a = 3.0250(1), c = 22.595(3) Å, V = 179.06(2) Å 3 and Western Australian takovite: a = 3.0280(4), c = 22.45(2) Å and V = 178.31(15) Å 3 . Due to the limited information on the structure of the two minerals and their polytypes, and as part of our recent related studies (Mills et al. 2011 ) and the nomenclature of the supergroup (Mills et al. 2012) , we decided to tackle the structures of both woodallite and takovite. The crystal structure results are reported herein.
Sample descriptions

Woodallite
Woodallite forms as a constituent of the MKD5 orebody at the Mount Keith Nickel Mine in the North Eastern Goldfields district of Western Australia (Fig. 1) . The woodallite used in this study was extracted from the tailings found at the mine. The tailings consist primarily of antigorite and lizardite with hydrotalcite-group 
Takovite
A small block collected in the ore piles from the Agoudal mine, Bou Azzer district, Tazenakht, Morocco, appeared very rich in fine-grained metallic minerals, and was shot through with pale green veinlets. These contained numerous columnar crystals of takovite up to c. 0.3 mm across. Crystals are either isolated or intergrown in coatings, and exhibit triangular/hexagonal pinacoids with a pearly lustre (Fig. 2) . The takovite occurs in a matrix consisting mostly of skutterudite (massive and in silver-white crystals), alloclasite (massive and black) and orthoclase (massive, tan to pink). Tan balls of a NiAl silicate that seems to be related to saponite are found growing on the takovite, and a mineral related to nimite is also associated. Older specimens collected in the Bou Azzer district at Aghbar in the 1960's by Jacques Dietrich show similar crystals. These, however, were described as "chalcophyllite" by Favreau and Dietrich (2001) . To our knowledge, these takovite crystals from Agoudal are the best for the species (i.e. crystal size, morphology and crystal quality).
Experimental methods
X-ray crystallography
Single-crystal X-ray diffraction data for takovite were obtained at 296(2) K on a Rigaku R-Axis Rapid II curved imaging plate microdiffractometer utilising monochromatised MoK α radiation. The Rigaku CrystalClear software package was used for processing the structure data, including the application of shape-based 
Rietveld refinement
Samples of woodallite were mounted in 0.5 mm quartz capillaries. The data were collected on a Bruker D8 Advance CuK α diffractometer with a focusing primary mirror and a VÅNTEC position sensitive detector (PSD). Due to the small sample size, a 8 mm Debye slit was used to reduce scattering from the empty capillary. Both conventional and pseudo-variable count-time (VCT) data sets (Madsen and Hill 1994) were obtained from the sample. The VCT data collection tries to compensate for the X-ray form factor drop off at high angles by counting longer at higher angles. Improving the contribution of the higher order reflections in a refinement improves the precision and accuracy that may be obtained (Madsen and Hill 1994) . The original VCT methodology with a point detector and continually varying count times cannot be done using a PSD detector. Pseudo-VCT data can be obtained by dividing the complete pattern into sections and increasing the count-time accordingly in each one. There is also the opportunity to shorten the experiment by increasing the step size with angle at the same time. The data collection regime used is shown in Tab. 3. The data were merged into a .xye file and a blank capillary background subtracted whilst retaining the correct counting statistics. To prevent the least-squares refinement from being dominated by the intense, low-angle reflections, an additional weighting was added into the refinement to enhance the contribution of the weaker, higher order reflections beyond that from the VCT data collection. Analysis of the data was undertaken using the TOPAS software, version 4.1 (Bruker AXS 2008) .
A Pawley unit-cell refinement in TOPAS showed that woodallite exhibits anisotropic peak broadening as shown in Fig. 3 . Such broadening is not unexpected in a layered structure, but it can be problematic. The behaviour of faulted systems was described by Warren (1969) . The effects on the diffraction positions and profiles differ depending on whether the stacking is hexagonal (hcp) or cubic close-packed (ccp). In hcp structures both stacking and twinning faults cause only broadening of selected reflections. In ccp structure twinning faults produce similar broadening to hcp structures but stacking faults cause peak shifts and asymmetry in addition to broadening. The different behaviour is illustrated in Fig. 4 using results along the c* reciprocal space direction from a Monte Carlo simulation (Whitfield et al. 2005) . If a reflection satisfies the rule h -k = 3n, then it is broadened. The R -3m polytype of woodallite has a ccp structure, but the absence of significant systematic peak shifts and asymmetry in the diffraction suggests that the major source of the broadening in woodallite is twinning faults. This is fortunate as the macro code for ccp stacking fault effects have not been worked out in TOPAS yet. The selection rule for twinning faults in a ccp structure is the same as for hcp, so empirically (but not for a quantitative microstructure analysis) the hcp model will fit pure twinning faults in a ccp phase. A model developed for work on lithium battery materials (Whitfield et al. 2005 ) was successfully used to empirically model the broadening during the structure refinement. It is a reciprocal space relationship that is functionally equivalent to the Warren (1969) hcp faulting model, but only requires a single variable. Using spherical harmonics to convolute an additional Lorentzian into the diffraction profile can also achieve a similar fit, however, this requires many more variables to reach the same result.
Since hydrotalcites have mixed and partially occupied sites, some form of constraint must be used to produce meaningful results from a single diffraction dataset. The composition of woodallite is variable; however, by fixing the carbonate content to 0.17 apfu, as shown in the original analyses, a refinement with a good fit, and a refined composition close to that expected, were obtained.
The structure of woodallite was expected to be the same as that of its Fe-containing analogue iowaite (Braithwaite et al. 1994) , with Cl disordered over the 18g site. However, using the iowaite structure produced a very poor fit to the data. The need to take into account additional scattering from residual carbonate in the woodallite reveals a problem when trying to disorder CO 3 and Intensity ( Inset is the fit with intensity on a squareroot scale to exaggerate the weaker high-angle reflections. The relatively high R wp of 14 % reflects the highly constrained nature of the model, low background, residual profile problems and difficulties with the fitting the background that are more obvious on the square-root scale plot. A Le Bail fit yields a R wp of 6.4 % with the same data which is quite high for VCT data.
Cl around the same site. The general site multiplicity around the iowaite 18g site is 36, which makes locating a CO 3 group not impossible but somewhat clumsy. On the basis of difference map studies, it was hypothesized that the 18g site was occupied by the oxygen atoms of the CO 3 group and that Cl shared the 3b site with the C atom (Tab. 4). This model produced a good fit to the data as shown in Fig 5. The carbonate oxygen position was refined with a C-O bond distance restraint to maintain a sensible structure given the small site occupancy. The final refinement converged to R p = 8.95 and R wp = 14.68. The fit is not perfect as expected from a highly constrained model and ignoring the inevitable profile contribution from a smaller but finite fraction of stacking faults. High-quality, low-noise data also tend to increase the difference between R exp and R wp as the uncertainties in the intensities are reduced compared to the effect of even minor imperfections in fitting (Toby 2006) . Counting statistics generally follow as square-root of intensities.
The square-root inset in Fig. 5 does not show any large discrepancies in the difference plot other than background fitting issues c. 45-50 degrees 2θ.
Discussion of the structures
The hydrotalcite group is notable for its wide range of polytypism, which includes a number of H = hexagonal and R = rhombohedral polytypes. The nature of this polytypism was discussed in detail by Bookin and Drits (1993) , Bookin et al. (1993a, b) and, more recently, by Evans and Slade (2006) and Mills et al. (2012) . In terms of polytypism, both woodallite and takovite may be considered 3R polytypes, with a 3R 1 stacking sequence (Fig. 6) . No superstructure reflections were observed for non-integral h or k, implying that a ≈ 3 Å and that there is no long-range order within the layers of the structure, or at least, no registration of any long- range order. For takovite, this confirms the stacking sequence put forward by Bookin et al. (1993a) and confirms the most symmetrical possible space group for the mineral. For woodallite, these results confirm the space group assigned by Grguric et al. (2001) , and, more importantly, indicate the possibility of complete solid solution between the end-members woodallite and stichtite. Woodhouse (2006) showed ion exchange between CO 3 and Cl to occur in synthetic samples of woodallite and stichtite. The 3R polytype with no superstructure is common within the natural LDH minerals (e.g. Mills et al. 2012) .
